can be selected using eqn. 3 or from Fig. 2 . It should be noted that the SNR values shown in Fig. 2 can be improved by an additional 9.5, 16.9, 23-5 or 29.8 dB, if 2, 3, 4 or 5 bit internal quantisers are used, rapectively.
Simulation results: Extensive simulations were performed to verify the improved system performance of the multiplexed noise-shaping structures. In Fig. 3 the power spectral densities of the system in Fig. 1 with 1 bit DAC, ideal 5 bit ADC and DAC, and nonideal 5 bit ADC and DAC with an RMS nonlinearity equal to 0.1 LSB are plotted. We note that 5 bit quantisers are used only during period = 1. Fig. 3 demonstrates a further increase in resolution by employing multibit quantisers during the last phase (& = 1). The degradation due to the DAC nonlinearity is small because nonlinearity noise is also highpass filtered by a second-order noise-shaping function.
>.
. It was shown that high-resolution conversion can be economically achieved under practical conditions. The above concept can be easily applied to higher-order (second-, or even third-order) AX modulators. It seems also promising for bandpass AX A/D applications. However, it was also observed that the gain of an additional feedback path is a critical parameter in the overall system performance. This problem will be addressed in future publications.
COMPARISON OF DIFFERENTIAL GAIN IN SINGLE QUANTUM WELL AND BULK DOUBLE HETEROSTRUCTU RE LASERS
Indexing terms: Semiconductor lasers, h e r s
The differential gain in single quantum well and bulk double heterostructure lasers is compared. In variance with previous predictions, no differential gain enhancement is found in single quantum well structure lasers at room temperature. Only at low temperatures do the quantum well lasers possess higher differential gain than bulk double heterostructure lasers. The results have important implications in the area of high speed phenomena for these devices.
The most important material parameter, which determines the pulse response and modulation bandwidth of semiconductor lasers, is the differential gain, which is the derivative of the bulk gain with respect to the carrier density. The differential gain and the resonance frequency, usually taken as the upper modulation limit, are related by'
where ve is the photon group velocity, Po is the photon density at the active region, T is the photon lifetime, CO = dGo/dN is the (linear) different& gain. Go and N are the linear gain constant and the carrier density, respectively. Eqn. 1 suggests that increasing the photon density Po increases the modulation bandwidth. This strategy is defeated eventually by the nonlinear gain phenomenon' and it can be shown that the maximum 0 dB rolloff modulation frequency is where G I is the nonlinear gain constant, P, is the saturation photon density and rc is the confinement factor which depends on the laser structure and the injected carrier dimensionality. Details of the derivation of eqn. 2 will be discussed elsewhere. These results indicate that the differential gain is directly related to the intrinsic modulation bandwidth. Higher differential gain will lead to larger modulation bandwidth. Quantum well (QW) lasers have been previously predicted to have enhanced differential gain compared to conventional bulk double heterostructure (DH) lasers.'-, This differential gain enhancement was attributed to the abrupt step-like twodimensional (2-D) density of states in Q W lasers. We present the results of a theoretical comparison of the differential gain in 2-D single Q W lasers and bulk D H lasers. We find that there is no differential gain enhancement in the single Q W lasers compared to the D H lasers at room temperature. The single QW lasers possess a higher differential gain than the DH lasers only at low temepratures. At high temperatures, including room temperature, the effects of the Fermi occupation statistics and the step-like 2-D density of states in the Q W structures lead to a lower differential gain.
The linear optical gain with photon energy E derived under a k-selection rule is given by (3) where B is a constant, n, is the modal effective refractive index, f , and f h are the quasi-Fermi distribution functions for electrons and holes respectively, pi is either the step-like 2-D reduced density of states for the QW structure or the parabolic three-dimensional (3-D) reduced density of states for the DH structure, i designates either light holes (i = 0 or heavy holes (i = h) and Si is the polarisation modification factor for the dipole moment.6 The injected carrier density N in the Q W structure and the DH structure are computed by integrating the products of corresponding density of states and quasiFermi functions.
We compare the differential gain Go at the gain peak of QW lasers and DH lasers in the well known GaAs/AlGaAs material system. A typical QW laser structure with symmetric 4OOO A A1,.,Gao.,As/A1,.,Ga0.~As graded index se arate confinement heterostructure (GRINSCH) and a 100 1 quantum well located at its centre is assumed. For the DH lasers we assume a typical AI,.,,Ga,.,,As/GaAs DH with GaAs active layer thickness 0.1 pm. Effective masses m, = 0.067m0, mhh = 0.45m, and mlh = 0.082m0 are used for electrons, heavy holes and light holes, respectively. The gain is calculated for TE mode and the collisional broadening time Tz = 0.1 ps is used. It is essential that in calculating the injected carrier density in the QW structure we account for the population of carriers in the GRIN optical confining region.
In Fig. 1 we show the differential gain of the QW structure and of the DH structure as a function of the modal gain (gmod0, = r, CO) at room temperature (T = 300K). The transverse effective optical mode width is evaluated as 0.281 hm for the Q W structure and 0.305pm for the DH structure, respectively. The effective optical mode widths are used to obtain the corresponding confinement factors r,. Fig. 1 shows that there is no differential gain enhancement in the QW structure at room temperature. The differential gain of the Q W structure is comparable with that of the D H structure in the very low modal gain region. In the large modal gain region, the DH structure possesses higher differential gain. The decrease in CO with increasing modal gain in the QW structure results from the finite available gain per quantised state. The abrupt increase (gmda, 2 80cn-I ) in Go in the QW structure is due to the onset of the second quantised states of the QW. Fig. 2 shows the computed differential gain of the QW structure and of the DH structure as a function of the modal gain at T = 77 K. The differential gain is seen to be enhanced in the QW structure at this low temperature. The differential gain enhancement relative to the DH structure is as high as -300% at low modal gain. In Fig. 3 , we show the differential gain of the Q W structure and the D H structure lasers as functions of modal gain at high temperature T = 400K. The DH structure has higher differential gain over all the modal gain region at this high temperature. Figs. 1-3 indicate the differential gain is increased in both the QW structure and the DH structure as the temperature is decreased. The increase of the differential gain with decreasing of temperature is due to the more abrupt transition region of the Fermi-Dirac occupation function for electrons (and holes) at lower temperatures which increases the density of electrons (and holes), at given total injected electron (and hole) density, near the optical transition energy. Figs. 1-3 also show that the differential gain of the QW lasers changes more rapidly with the temperature change compared to the DH lasers. The result is that the modulation dynamics in the Q W lasers is more strongly affected by the temperature. The thermal dissipation is more important in the Q W structure lasers for high speed performance.
The qualitative physical reason for the predicted reduced differential gain of the single Q W lasers relative to the DH lasers at room temperature or higher temperatures is as follows. An increasing fraction of the injected carriers at room temperature goes into occupation of the large density of states in the GRIN confining region. These electrons (and holes) contribute little to the gain because of the (E -E)' term in the denominator of eqn. 3. On the other hand, the optical gain is limited due to the flat feature of the 2-D step-like density of states for the QW structure. The result is a lowering of Go = dGo/dN in the QW structure. At lower temperatures however, the Fermi-Dirac occupation factor for these GRIN states is reduced considerably. In addition, the more abrupt cutoff of the Fermi-Dirac occupation functions at low temperatures take advantage of the step-like 2-D density of states profile in contributing to relatively large increase in Go with increasing N. In summary, we find that there is no differential gain enhancement in single QW structure lasers compared to DH lasers at room temperature. The QW structure lasers possess enhanced differential gain compared to the DH lasers only at low temperatures. The modulation dynamics in the QW structure is more strongly affected by the temperature. 
